Quipazine is a 5-HT 2A -receptor agonist that has been used to induce motor activity and promote recovery of function after spinal cord injury in neonatal and adult rodents. Sensory stimulation also activates sensory and motor circuits and promotes recovery after spinal cord injury. In rats, tail pinching is an effective and robust method of sacrocaudal sensory afferent stimulation that induces motor activity, including alternating stepping. In this study, responsiveness to a tail pinch following treatment with quipazine (or saline vehicle control) was examined in spinal cord transected (at midthoracic level) and intact neonatal rats. Rat pups were secured in the supine posture with limbs unrestricted. Quipazine or saline was administered intraperitoneally and after a 10-min period, a tail pinch was administered. A 1-min baseline period prior to tail-pinch administration and a 1-min response period postpinch was observed and hind-limb motor activity, including locomotor-like stepping behavior, was recorded and analyzed. Neonatal rats showed an immediate and robust response to sensory stimulation induced by the tail pinch. Quipazine recovered hind-limb movement and step frequency in spinal rats back to intact levels, suggesting a synergistic, additive effect of 5-HT-receptor and sensory stimulation in spinal rats. Although levels of activity in spinal rats were restored with quipazine, movement quality (high vs. low amplitude) was only partially restored.
Serotonin (5-hydroxytryptamine; 5-HT) is a critically important monoamine neurotransmitter involved in reflex and motor networks (for a review, see Schmidt & Jordan, 2000) . 5-HT-receptor agonists have been used to activate motor circuits in the spinal cord (Cazalets, Sqalli-Houssaini, & Clarac, 1992; Madriaga, McPhee, Chersa, Kristie, & Whelan, 2004) and have been shown to promote recovery after spinal cord injury (SCI; Antri, Orsal, & Barthe, 2002; Antri, Barthe, Mouffle, & Orsal, 2005; Courtine et al., 2009) . Sensory stimulation also has been shown to promote recovery after SCI and can activate motor and sensory circuits in the spinal cord (Field-Fote, Lindley, & Sherman, 2005; Thompson, Pomerantz, & Wolpaw, 2013) . When 5-HT-receptor agonists are used in conjunction with sensory stimulation, often an even greater degree of recovery of motor function occurs (e.g., Fong et al., 2005; Sławińska, Majczynski, Dai, & Jordan, 2012) ; however, the contributions of 5-HT-receptor activation and sensory stimulation to recovery are difficult to separate. Thus, it is beneficial to further explicate the relationship between sensory stimulation and 5-HT activation on motor activity, as it may provide implications for treatments aimed at recovery of motor and sensory function after SCI.
5-HT 2 -receptor activation increases locomotor activity in vivo (e.g., Ung et al., 2008) , and in the isolated spinal cord in vitro, it induces fictive motor bursts alternating between both sides of the lumbar spinal cord and between flexors and extensors (Cazalets et al., 1992; Kjaerulff & Kiehn, 1996; Pearlstein, Ben Mabrouk, Pflieger, & Vinay, 2005) . In particular, the 5-HT 2A -receptor agonist quipazine has been used to examine serotonergic modulation of spinal function. Quipazine induces locomotor activity in intact neonatal rats (Brumley, Roberto, & Strain, 2012; Spear & Ristine, 1981; Swann, Kempe, Van Orden, & Brumley, 2016) and following spinal transection in fetal (Brumley & Robinson, 2005) , neonatal (McEwen, Van Hartesveldt, & Stehouwer, 1997; Strain, Kauer, Kao, & Brumley, 2014) , and adult rodents (Antri et al., 2005; Antri et al., 2002; Fong et al., 2005; Ung et al., 2008) . In addition, treatment with quipazine facilitates motor coordination and flexor-and extensor-motoneuron excitability in rats (Chopek, MacDonnell, Power, Gardiner, & Gardiner, 2013) . Furthermore, proprioceptive and cutaneous sensory feedback has been shown to modulate motor activity and quipazineinduced stepping (Brumley et al., 2012; Ichiyama et al., 2008; Sławińska et al., 2012; .
Methods for administering sensory stimulation to the spinal cord vary, but most are used with the same goal: to activate sensory afferent fibers. Physical mechanoreceptor stimulation is a common method of sensory stimulation and when delivered to the caudal spinal cord, is usually administered in the form of a tail pinch Norreel et al., 2003) . Tail pinching in rats has been shown to induce activity in groups of neurons that produce rhythmic activity in the lower spinal cord (Cherniak, Etlin, Strauss, Anglister, & Lev-Tov, 2014) and induce brief bouts of alternating hind-limb stepping behavior (Norreel et al., 2003) . Previous research has shown that tail pinching is a highly potent and reliable method for inducing rhythmic motor activation (Lev-Tov, Etlin, & Blivis, 2010) , in both intact and spinal transected rats (Norreel et al., 2003) .
For the current study, we examined the response to tail pinching following treatment with quipazine in both acute spinal and intact neonatal rats. Neonatal rats were prepared by midthoracic spinal cord transection or sham surgery, injected with quipazine or saline (vehicle control), and then 10 min later administered a tail pinch. It was hypothesized that subjects receiving quipazine treatment would demonstrate the longest durations and highest frequencies of motor activity in response to the tail pinch compared with saline-treated subjects, assuming an additive effect of 5-HTreceptor and sensory stimulation. We also determined whether such additive effects are present in spinal subjects. Examination of combined sacrocaudal afferent stimulation (tail pinch) and 5-HT 2A -receptor activation (quipazine) in spinal subjects could help illuminate the role that 5-HT 2A receptors play in spinal sensorimotor processing.
Method

Subjects
Subjects were 48 male and female neonatal rats (tested within 24 hr after vaginal delivery) that were the offspring of time-mated adult Sprague-Dawley rats. During a 4-day breeding period, an adult male and three adult females were housed in standard breeding cages (45 ϫ 40 ϫ 20 cm) maintained in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited animal-care facility. Vaginal smears were taken daily to identify day of conception. The first day that sperm was detected in a smear was designated as E0; birth occurred on E22. After removal of the male, pregnant females remained housed in groups of three on a 12:12-hr light:dark photoperiod (lights on at 7:00 a.m.), with temperature maintained at 22°C. On E19, pregnant females were singly housed. Food and water were available ad libitum. Study procedures were approved in accordance with the University of Iowa Animal Care and Use Committee, and care and use of experimental animals were in accordance with guidelines established by the National Institutes of Health (National Research Council, 2011) .
Design
A total of 48 neonatal rats were used. No more than two subjects per litter (1M, 1F) were assigned to any particular treatment group. Twelve subjects were assigned to each combination of drug (quipazine vs. saline) and surgery condition (spinal vs. sham). Sex was balanced in each treatment group.
Following spinal surgery, neonatal subjects were placed in a humidity-and temperature-controlled (35°C) infant incubator in a plastic dish with three siblings for a 30-min acclimation period. This was to allow the subject to recover from the surgery and adjust to the experimental environment. After acclimation, subjects were positioned supine on a soft, rubber-coated horizontal bar inside the incubator. Subjects were secured to the bar using two thin, lightweight elastic straps: one strap extended across the thorax, the other strap extended across the neck. The straps did not interfere with limb movements made by the subject.
Following a 5-min acclimation period on the bar, subjects received a 50-l intraperitoneal (IP) injection of quipazine or saline. Quipazine effects on motor activity are apparent within the first few minutes after IP injection, with peak effects occurring within 10 -15 min, which persist well after 45 min in spinal and intact perinatal rats (Brumley et al., 2012; Brumley & Robinson, 2005; . To ensure that the drug would activate spinal sensorimotor circuits, the tail pinch was administered 10-min following injection. Video recording included a 1-min baseline and then a 1-min observation period followed the tail pinch ( Figure 1A ). The experimenter was blind to the drug being administered.
Spinal Surgery
Subjects were prepared with a midthoracic spinal cord transection or sham surgery. Surgical preparation took place on a heating pad (35°C). An area on the back of the subject was swabbed with iodine. Spinal transection was performed under visual guidance by insertion of a 30-gauge needle into the midthoracic spinal cord (thoracic Levels 4 -7 [T4 -T7]; Brumley & Robinson, 2005) . The microknife then was moved to the left and right in a transverse plane to completely sever the cord (Robinson, Blumberg, Lane, & Kreber, 2000) . Sham surgery involved insertion and removal of the needle adjacent to the spinal column but no cutting of the spinal cord. The site of the wound was swabbed with iodine. Complete spinal transection was immediately assessed by administration of a gentle pinch to the tail with forceps. If the subject showed no behavioral response to the tail pinch or responded with movements of the upper body and limbs, the spinal transection was considered unsuccessful, and another subject was selected. The entire procedure was complete in about 60 s and behavioral recovery occurred almost immediately. Although a spinal transection in an adult leaves the animal paralyzed, perinatal rats continue to express spontaneous limb movements and retain function, even caudal to the site of the lesion (Blumberg & Lucas, 1994; Kunkel-Bagden, Dai, & Bregman, 1992; Robertson & Smotherman, 1990; Stelzner, Ershler, & Weber, 1975) . Using very similar methods, perinatal rats recovered motor function (i.e., spontaneous hind-limb twitches) 30 min following spinal transection in a previous study (Robinson et al., 2000) . At the end of the test session, spinal subjects were euthanized by carbon dioxide inhalation and preserved in a 10% formalin solution for later histological examination to confirm completion and location of the spinal cord transection. This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Figure 1 . A. Experimental timeline: Neonatal rats were secured to a bar in the supine posture, in a temperature-controlled infant incubator. Following a 5-min acclimatization period (to the bar), quipazine (3 mg/kg) or saline was administered. Tail pinches was administered 10 min after injection and then a 1-min observation period followed the tail pinch. The 1-min period before and after the tail pinch (see the magnified timeline portion in gray) were analyzed for hind-limb movements and alternating steps. B. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Pharmacology
The 5-HT 2A -receptor agonist quipazine maleate was administered by IP injection with a 30-gauge needle at a dose of 3 mg/kg. The drug was obtained from Sigma-Aldrich (St. Louis, MO). Quipazine was first dissolved in 0.9% saline, and then delivered in a single 50-l injection. Saline-treated subjects were given a 50-l IP injection of 0.9% saline.
Tail-Pinch Stimulation
Tail pinching was used to administer sensory stimulation to sacrocaudal afferent fibers. A tail pinch as defined in this study was the use of forceps to gently apply brief, mechanical pressure (pinch) to the base of the tail (Lev-Tov et al., 2010; Norreel et al., 2003) . The tail pinch was very brief, with pressure being applied until the animal reacted to the stimulation. There was no apparent damage to the tail.
Histology
Subjects prepared with a spinal cord transection were preserved and later examined for complete bilateral spinal cord separation of any spinal level between T4 and T7. Histological examination under low magnification verified the extent of the cut from both the dorsal and ventral sides of the spinal column. Only subjects that had complete spinal cord transection were included in the spinal treatment group for purposes of analysis.
Behavioral Scoring
Behavioral scoring was done during normal or reduced-speed video playback of the 1-min baseline period before the tail pinch and the 1-min test period following the tail pinch (see Figure 1A) . All hind-limb movements were scored. Hind-limb movements were defined as any active (nonpassive) movement of the right or left hind limb, and categorized as either low or high in amplitude. A low-amplitude movement was a spontaneous twitch or slight flexion or extension with low muscle tone, whereas high amplitude movements were full extensions or flexions with high muscle tone (Kleven & Ronca, 2009 ). Alternating stepping also was scored, and is a bilateral pattern involving alternating step cycles of both right and left hind limbs (Brumley et al., 2012) . Steps were categorized as low (i.e., relatively flexed limbs with small limb excursions) or high in amplitude (i.e., limbs fully extended with large limb excursions). The behavioral scorer was blind to group association. Interrater reliability with a standard file was Ͼ90%.
Data Analysis
Frequency and percentage of hind-limb movements and alternating steps were analyzed. The percentage of high-amplitude movements and steps, calculated as a function of total hind-limb movements or steps, respectively, were calculated to indicate proportion of high-versus low-amplitude limb movements. Only values for high-amplitude movements and steps have been presented, as the effects shown with high-amplitude movements and steps are counterpart to low-amplitude movements and steps. We present percentage data for high-amplitude movements and steps compared with frequencies, as the data are more informative and less duplicative when examined as percentages. Data were summarized into a 1-min bin for baseline and a 1-min bin for the test session. Because we found no significant sex differences, the data for males and females were combined. Multiway ANOVAs were used to examine frequency and percentage of hind-limb movements and steps for the baseline and test session. Paired-sample t tests were conducted to compare baseline to test session for each treatment group. Post hoc tests used Fisher's least significant difference, and a significance level of p Յ .05 was adopted.
Results
Total Hind-Limb Movements and Alternating Steps
For frequency of total hind-limb movements, a two-way ANOVA (Drug ϫ Surgery) revealed a main effect of drug during baseline, F(1, 44) ϭ 15.93, p Ͻ .001. As shown by the hatched bars in Figure 1C , frequency of hind-limb movements before the tail pinch was significantly higher for quipazine-treated pups than the saline-treated pups. During the test session (after tail pinching; see black bars in graphs), there was an interaction between drug and surgery, F(1, 44) ϭ 5.73, p Ͻ .05. Sham-saline subjects showed significantly more hind-limb movements than spinalsaline subjects, and spinal-quipazine subjects showed significantly more hind-limb movements than spinal-saline subjects ( Figure 1C ).
For frequency of total alternating hind-limb steps, a two-way ANOVA indicated a main effect of drug and a main effect of surgery during baseline (Fs Ͼ 6.30, ps Ͻ .05). As can been seen in Figure 1D , quipazine-treated pups showed significantly more alternating hind-limb steps than saline-treated pups. In addition, sham pups showed significantly more alternating steps before the tail pinch. After tail pinching, there was no difference in alternating hind-limb steps among groups. Paired-sample t tests revealed that pups in each treatment group showed a significant increase in total hind-limb movements and alternating steps from baseline to test, as shown in Figure 1C and 1D respectively (all ps Ͻ .05).
To examine the temporal aspect of the response to tail pinch, we summarized total hind-limb movements and alternating steps into 15-s time bins and conducted three-way repeated measures ANOVAs. For frequency of total hind-limb movements, a threeway repeated-measures ANOVA (2 surgery conditions ϫ 2 drug conditions ϫ 8 time bins) revealed a main effect of time and an interaction of the three factors; the same effects were found for frequency of total alternating hind-limb steps (all Fs Ͼ 3.16, all ps Ͻ .001). As can been seen in Figure 1B , before the tail pinch (T15-T60), hind-limb movements were significantly higher for quipazine-treated than for saline-treated pups. Immediately following administration of the tail pinch (first time bin after tail pinch, T75), hind-limb movements significantly increased for pups in all treatment groups. In addition, pups in the spinal-saline group showed a significant decrease in total hind-limb movements 30 s (T90) following administration of the tail pinch compared with the other treatment groups. This difference between groups persisted until the end of the test session. Frequency of alternating steps followed a similar pattern, with sham-quipazine pups showing significantly more alternating steps than pups in the other groups before the tail pinch, and pups across conditions showed a significant increase of alternating hind-limb steps immediately after the This document is copyrighted by the American Psychological Association or one of its allied publishers.
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tail pinch; however, again, spinal-saline pups did not exhibit sustained stepping compared with the other treatment groups.
Percentage of High-Amplitude Movements and Alternating Steps
For percentage of high-amplitude movements, a two-way ANOVA indicated a main effect of drug and a main effect of surgery at baseline (Fs Ͼ 10.72, ps Ͻ .05). As shown in Figure 1E , quipazine-treated pups showed a significantly higher percentage of high-amplitude hind-limb movements than the saline-treated pups during baseline, and sham pups showed a significantly higher percentage of high-amplitude hind-limb movements than the spinal pups. A two-way ANOVA for percentage of high-amplitude movements during the test session revealed a main effect of surgery, F(1, 44) ϭ 19.46, p Ͻ .0001. Sham pups showed a significantly higher percentage of high-amplitude hind-limb movements than spinal pups ( Figure 1E ).
For percentage of high-amplitude steps, there was a main effect of drug and a main effect of surgery during baseline (Fs Ͼ 8.98, ps Ͻ .01; Figure 1F ). Quipazine-treated pups showed a significantly higher percentage of high amplitude steps than salinetreated pups, and sham pups showed a significantly higher percentage of high-amplitude steps compared with spinal pups. During the test session there was a main effect of surgery, F(1, 44) ϭ 22.10, p Ͻ .0001. Sham pups showed a significantly higher percentage of high-amplitude alternating steps following tail-pinch administration compared with spinal pups.
Paired-sample t tests indicated that pups in each treatment group showed a significant increase in the percentage of high-amplitude movements from baseline to test; a similar effect was seen for percentage of high-amplitude steps, however, the increase in percentage of high-amplitude steps from baseline to test for spinalquipazine pups did not reach significance (all ps Ͻ .05, but spinal-quipazine p ϭ .06).
Discussion
Neonatal rats showed an immediate and robust response to sensory stimulation induced by tail pinching in this study (see Figure 1B) . Following the tail pinch, the frequency of hind-limb movements and alternating hind-limb steps in spinal rat pups pretreated with quipazine was similar to that of intact pups (see Figure 1C and 1D), which suggests that 5-HT 2A -receptor stimulation helps to restore sensory responsiveness back to typical (noninjured) levels in the acutely transected spinal cord. Although levels of activity were restored with quipazine, movement quality (high vs. low amplitude) was only partially restored, as spinalquipazine subjects did not show a significant increase in highamplitude alternating steps following tail pinching (see Figure 1F) .
As expected, quipazine induced motor activity, including hindlimb stepping, prior to the tail pinch, replicating previous studies (Brumley & Robinson, 2005; Swann et al., 2016) . We hypothesized that subjects pretreated with quipazine would show an additive effect of the drug and sensory stimulation, which we found to be the case for spinal rat pups but not intact (sham) rats. Perhaps the reason that intact rats did not show an additive effect was because their response was already at ceiling, as tail pinching has been shown to be a potent activator for immediately inducing motor activity (Lev-Tov et al., 2010) . Alternatively, perhaps in both spinal and intact rats, the amount of drive to lumbosacral neural circuits engaged a switch-like mechanism at a certain threshold. Nonetheless, the increased responsiveness in spinal rats to sensory stimulation with 5-HT 2A -receptor activation suggests a synergistic, additive effect of this combination of stimulation, leading to a robust response with persistent activation effects on motor activity.
Although quipazine recovered movement and step frequency in spinal rats back to intact levels, movement quality differed between spinal and intact pups. Following tail pinches in intact pups, whether treated with saline or quipazine, they predominately showed high-amplitude movements and steps (generally Ͼ50% were high in amplitude) with large limb excursions. Spinal pups predominantly showed low-amplitude movements and steps (generally Ͻ40% had high-amplitude movements) with small limb excursions, although high-amplitude movements and steps did increase following tail pinching. Low-amplitude movements are common following neonatal spinal transection (Blumberg & Lucas, 1994) , whereas high-amplitude movements are usually attributed to supraspinal sources (Blumberg, Gall, & Todd, 2014; Karlsson, Gall, Mohns, Seelke, & Blumberg, 2005) . 5-HT 2A -receptor stimulation may restore excitation in the isolated spinal cord, which in intact animals may otherwise be supplied by descending pathways, but may not necessarily restore the amplitude and kinematics of leg movement. This is consistent with previous research suggesting that quipazine activates interneurons of rhythminducing spinal locomotor networks and motoneurons (Chopek et al., 2013; Sławińska, Miazga, & Jordan, 2014) , but incompletely facilitates interneurons mediating inter-and intralimb coordination (Sławińska et al., 2014) .
Differences in movement quality inform our understanding of sensorimotor circuits in the spinal cord, particularly in regard to SCI. Sensory input is critical in modulating behavioral responses and assisting with recovery following SCI (Frigon & Rossignol, 2006; Rossignol, 2006) . Previous research has demonstrated that sensory stimulation combined with pharmacological activation results in greater functional recovery after SCI when compared with using either sensory stimulation or pharmacological activation alone (Fong et al., 2005; Sławińska et al., 2012) . The present results suggest that combined activation may lead to more pronounced changes in some parameters of movement recovery than others.
It is important to note that we have discussed the application of tail pinching as a form of cutaneous sensory stimulation. However, tail pinching is sometimes considered to be a nociceptive stimulus. Studies have found that pathways for nociception and locomotor circuitry are intertwined, especially when stimulated through sacrocaudal stimulation (Blivis, Mentis, O'Donovan, & Lev-Tov, 2007; Lev-Tov et al., 2010) . Therefore it is possible that the tail pinch does not solely provide cutaneous stimulation, but also activates nociceptive pathways as well. Future studies are needed to further elucidate the role of nociception in tail pinching, and how this stimulation may affect sensorimotor processing and locomotor function. Another point to note is that in the current study, we used an acute spinal transection in neonates rather than a chronic injury in adult subjects. How sensory responsiveness in SCI individuals may change over time, and is affected by acute or continuous combined stimulation of drugs and sensory stimulaThis document is copyrighted by the American Psychological Association or one of its allied publishers.
tion, remains to be determined. Neonatal rats were used in the current study, given the plasticity and functionality of the immature spinal cord following SCI. However it is important to understand these issues in adult subjects as well, as the majority of new SCI cases occur in adulthood.
